This paper deals with finding the optimum fineness ratio, i.e. ratio of length to maximum diameter, of human -powered submarine of different shapes to reduce the drag force on the body using Computational Fluid Dynamics (CFD) analysis. These types of submarines are used in events like ISR and eISR. This paper focuses on finding the total drag force on submarine models with a constrained diameter and different fineness ratios. The analysis is done by using ANSYS Fluent. In this paper, only the fully submerged flow is considered on a hull without any appendages.
INTRODUCTION
Mostly submarines find their use in the defense sector as attack submarines, aircraft carrier protection and also as a nuclear strike force to launch ballistic missiles. Apart from this submarine recently are also being used for recreational purposes and as a sport. These submarines are usually one manned human-powered submarines.
Competitions like the International Submarine Races (ISR) and the European International Submarine Races (eISR)
have promoted the development of human-powered submarines at a university level [1, 2] . These Human-powered submarines can also be used in fields like marine biology and oceanography to carry out research on various underwater creatures and plants. Researchers can get easy access to the marine world using these submarines as they require no fuel and are easy to operate. These submarines are also eco-friendly as they are completely human powered and cause no damage to the environment. The design of the shape of the submarine mainly depends on the hydrodynamics of the submarine-like other marine vehicles such as ships and underwater missiles.
In human-powered submarines as there is no other source of energy available it is very important to minimize the resistance on these submarines. These submarines can navigate in two different modes which are: on the surface of the water and incompletely submerged mode. As maximum drag occurs in completely submerged mode of navigation the design is considered only completely submerged body. the submarine design are human comfort and overall weight of the submarine. The submarine should have dimensions accommodate a person and also the necessary equipment. If the weight of the submarine i power the submarine will also increase. It should also have enough space for components like the drive handle and the oxygen tank. As these submarines are used for races and are human powered, havin important in the hydrodynamic design of these submarines.
hydrodynamic shape which are tear drop or ogive shape and parallel mid used in naval submarines, but as the size of the one manned submarine is very less the tear drop or ogive shape is preferred as it offers less drag.
The bare hull design is done by using the bow form hull is divided into four e-body (L f ) and the after The curve of the fore body is elliptical and that of the after body is conical. The length of the fore body is 40% of the total length and the after body is 60% of the total length. The equation of
The equation of the curve of the after body is given as
The ratio of the total length
The fineness ratio of a body has a direct impact on the total drag acting on the body. In this paper submarine model different fineness ratio are tested using Computational Fluid Dynamics (CFD). The diameter of the submarine is kept constant at 609.6 mm (24 inches) which is the required diameter to accommodate one person and the total length is varied to obtain different fineness ratios. The dimensions of ratios from 4 to 8 are taken as this is the feasible range considering The drag force generated is analyzed for different fineness ratios at different speeds using CFD. This will provide us power the submarine will also increase. It should also have enough space for components like the drive As these submarines are used for races and are human powered, havin important in the hydrodynamic design of these submarines. Generally, submarines have two major categories of hydrodynamic shape which are tear drop or ogive shape and parallel mid-body shape. The parallel mid but as the size of the one manned submarine is very less the tear drop or ogive shape is preferred as
The bare hull design is done by using the bow form equations called hull envelope equations. The total length
) and the after-body (L a ) as shown in Figure1.
Figure 1: Bow Form
The curve of the fore body is elliptical and that of the after body is conical. The length of the fore body is 40% of the after body is 60% of the total length. The equation of the curve of the fore body is given as the after body is given as
The ratio of the total length of the maximum diameter of the body is called as the fineness ratio (L/D).
The fineness ratio of a body has a direct impact on the total drag acting on the body. In this paper submarine model using Computational Fluid Dynamics (CFD). The diameter of the submarine is kept which is the required diameter to accommodate one person and the total length is varied to obtain different fineness ratios. The dimensions of the submarine at different fineness ratios are given in The drag force generated is analyzed for different fineness ratios at different speeds using CFD. This will provide us The curve of the fore body is elliptical and that of the after body is conical. The length of the fore body is 40% of the the fore body is given as the maximum diameter of the body is called as the fineness ratio (L/D).
The fineness ratio of a body has a direct impact on the total drag acting on the body. In this paper submarine model with a using Computational Fluid Dynamics (CFD). The diameter of the submarine is kept which is the required diameter to accommodate one person and the total length is varied to the submarine at different fineness ratios are given in The drag force generated is analyzed for different fineness ratios at different speeds using CFD. This will provide us CFD Analysis of Human Powered Submarine t www.tjprc.org with the correlation between the fineness ratio and the total drag generated and will help in determining the optimum fineness ratio required to design a human powered submarine.
CFD ANALYSIS
Pathan et al., analyzed the drag force for different fineness ratios the models were first created using Ansys Workbench and the curves for the fore and after body were created using equation driven curve tool. The geometry was then revolved to form the shape of the bare hull [ determine the most optimum hydrodynamic shape as well as the best fineness ratio of each of these shapes. The dimensions for all the models are kept constant as given in Table. 1. The only changes made to the model are the shape of the curves of t fore and after body. These changes in the shape are done by changing the value of the parameter 'n' in the equation of the curves (1) and (2) . Increasing the value of 'n' also increases the degree of the curve. Keeping the value of 'n' in between 1 to 1.5 gives a cone type of curve, whereas if the value is kept at 2 it results in an elliptical curve. The shapes of different curves for different values of 'n' are given in the figures below. 
Conic Shape Bow
In this model the fore and after body curves are taken as conic curves. The value of 'n' for the governing equation of the curve is taken as 1.2. In this model the body is very streamlined with sharp edges. It also has a very small volume as compared to the other models. The figure below shows the conic shape model.
Elliptical Shape Bow
In this model both the fore and after body curves are ellipses. Th This model is less streamlined than the conic shape model than that of the conic which would make the flow around the hull more streamlin also increases the surface area of the hull. The figure below shows the shape of the elliptical hull.
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correlation between the fineness ratio and the total drag generated and will help in determining the optimum fineness ired to design a human powered submarine. the drag force for different fineness ratios the models were first created using Ansys he curves for the fore and after body were created using equation driven curve tool. The geometry was then hull [5, 6, 7] . In this paper, four different types of submarines shapes mum hydrodynamic shape as well as the best fineness ratio of each of these shapes. The dimensions for all the models are kept constant as given in Table. 1. The only changes made to the model are the shape of the curves of t nges in the shape are done by changing the value of the parameter 'n' in the equation of the . Increasing the value of 'n' also increases the degree of the curve. Keeping the value of 'n' in between 1 to whereas if the value is kept at 2 it results in an elliptical curve. The shapes of different curves for different values of 'n' are given in the figures below. In this model the fore and after body curves are taken as conic curves. The value of 'n' for the governing equation of this model the body is very streamlined with sharp edges. It also has a very small volume as compared to the other models. The figure below shows the conic shape model.
In this model both the fore and after body curves are ellipses. The value of 'n' for both the curves is taken as 2.
This model is less streamlined than the conic shape model, but has a greater volume. The curves in this model are smoother than that of the conic which would make the flow around the hull more streamlined. The increase in the degree of the curve also increases the surface area of the hull. The figure below shows the shape of the elliptical hull.
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In this model the fore and after body curves are taken as conic curves. The value of 'n' for the governing equation of this model the body is very streamlined with sharp edges. It also has a very small volume as e value of 'n' for both the curves is taken as 2.
but has a greater volume. The curves in this model are smoother ed. The increase in the degree of the curve also increases the surface area of the hull. The figure below shows the shape of the elliptical hull. In this model the value of 'n' for the fore and after body curves is not tak curve is taken 2 and the value of after the shape that is the conic and an elliptical shape. The fore body is elliptical and the after body is conical. This makes the body streamlined without causing an increase in the volume or the surface area of the hull of the submarine. The figure below shows the shape of the submarine.
Parallel Mid body Shape Bow
In this model the value of 'n' is taken as 3. This increases the degree of the curve to an extent where the mid becomes parallel. The body is more streamlined at the middle than at the endpoints. The volume of increases by a considerable amount making this model more suitable for naval and warfare submarines. The figure below shows the shape of a parallel mid body submarine.
Figure 5: O Give Shape Bow
The models were then imported tools. The tetrahedral mesh command was selected to obtain a sufficiently accura boundaries of the domain were selected small elements of defined shape and size. Flow through each element is simulated and then by usi model the total force on the body is found. An inflation layer is also added at the surface boundary of the submarine. 
RESULTS AND DISCUSSIONS
The main objective of this paper is to find the optimum fineness ratio at which minimum drag is generated.
The contours of pressure, velocity and velocity vectors are
These graphs help us understand what
varies with different models. The main objective of this paper is to find the optimum fineness ratio at which minimum drag is generated.
The contours of pressure, velocity and velocity vectors are plotted using fluent software and displayed , and 5m/s are selected because naval and attack submarines, the range of speed
As all other parameters are constant the results obtained for the resistance of the models will be purely indicative of the shape and the fineness ratio of the submarine. These results would help us in the selection of the optimum
The main objective of this paper is to find the optimum fineness ratio at which minimum drag is generated. Hence the total drag can be divided into two main components which are viscous drag and pressure drag. The pressure drag depends completely on the shape of the submarine. The more streamlined the shape of the submarine the drag due to pressure will be less. The viscous drag is due to the surface friction of the submarine. It depends on the amount of wetted surface area.
As the surface area of the submarine increases the amount of frictional drag also increases.
bodies for different fineness ratios, at different flow velocities are given in the table below.
From figure 16 to 18 it can be observed that as the fineness ratio increases the drag decreases up to a certain point.
After that the drag force starts to increase. This happens because as the fineness ratio increases the body becomes more streamlined and the back-pressure decreases. But at the same time as the fineness ratio increases and overall surface area increases which in turn increases the surface friction. Hence the fineness ratio at which the total drag the body is minimum is 6 for Conical shape hull, Elliptical shape hull and Ogive shape hull whereas for Parallel mindbody hull shape the optimum fineness ratio is 7. As the surface area of the submarine increases the amount of frictional drag also increases. The values of total drag on the at different flow velocities are given in the table below.
18 it can be observed that as the fineness ratio increases the drag decreases up to a certain point.
After that the drag force starts to increase. This happens because as the fineness ratio increases the body becomes more decreases. But at the same time as the fineness ratio increases and overall surface area increases which in turn increases the surface friction. Hence the fineness ratio at which the total drag shape hull, Elliptical shape hull and Ogive shape hull whereas for dbody hull shape the optimum fineness ratio is 7. into two main components which are viscous drag and pressure drag. The pressure drag depends completely on the shape of the submarine. The more streamlined the shape of the submarine the drag due to pressure ue to the surface friction of the submarine. It depends on the amount of wetted surface area.
The values of total drag on the 18 it can be observed that as the fineness ratio increases the drag decreases up to a certain point.
After that the drag force starts to increase. This happens because as the fineness ratio increases the body becomes more decreases. But at the same time as the fineness ratio increases and the diameter is fixed, the overall surface area increases which in turn increases the surface friction. Hence the fineness ratio at which the total drag on shape hull, Elliptical shape hull and Ogive shape hull whereas for the submarine with CFD Analysis of Human Powered Submarine t www.tjprc.org It can also observe that the total drag force at all velocities is the minimum for conic conic is the most streamlined shape and minimum total drag is the ogive or teardrop shape. The difference in the total drag of the ogive and conical shape is very le
The optimum fineness ratio of the ogiv compared to the conic-shaped hull. The elliptical hull has a drag greater than both the conical and the ogive Even though the elliptical hull is smoother It also has a greater volume than the other two models.
The parallel mid-body submarine performs the worst with respect to total drag. It has the maximum volume and surface area and hence the maximum amount of viscous drag. Although it has a streamlined increases the total drag very much. The other parameters that also the volume of the different shapes. The surface area affects the total material which will be required for the construction of the submarine and hence will affect the weight of the submarine. The total volume will decide the maximum amount of equipment that can be carried by submarine. The table ratio of 6 and figure 19 shows the relation can also observe that the total drag force at all velocities is the minimum for conically and has the minimum surface area which reduces the viscous drag. minimum total drag is the ogive or teardrop shape. The difference in the total drag of the ogive and conical shape is very le the ogive shape is also found to be 6. This shape has more volume and surface area as shaped hull. The elliptical hull has a drag greater than both the conical and the ogive smoother the increase in the surface area increases the viscous drag by a significant amount.
It also has a greater volume than the other two models.
body submarine performs the worst with respect to total drag. It has the maximum volume and and hence the maximum amount of viscous drag. Although it has a streamlined The other parameters that also must be taken into consideration are the surface area and erent shapes. The surface area affects the total material which will be required for the construction of the submarine and hence will affect the weight of the submarine. The total volume will decide the maximum amount of submarine. The table 2shows the volume and surface area of each model at the fineness and figure 19 shows the relationship between drag and fitness ratio. ally shaped hull. This is because has the minimum surface area which reduces the viscous drag. The next shape with minimum total drag is the ogive or teardrop shape. The difference in the total drag of the ogive and conical shape is very less.
e shape is also found to be 6. This shape has more volume and surface area as shaped hull. The elliptical hull has a drag greater than both the conical and the ogive-shaped hull.
rease in the surface area increases the viscous drag by a significant amount.
body submarine performs the worst with respect to total drag. It has the maximum volume and and hence the maximum amount of viscous drag. Although it has a streamlined body, the large surface area be taken into consideration are the surface area and erent shapes. The surface area affects the total material which will be required for the construction of the submarine and hence will affect the weight of the submarine. The total volume will decide the maximum amount of From the table the volume of the conie shaped hull is very low. It would be very difficult to fit in the necessary equipment into this limited volume. Also, it would restrict the person to execute proper pedaling motion in the submarine.
The amount of oxygen that could be carried along with the person will also reduce decreasing the underwater time of the submarine. Considering all these factors, it would not be recommended to select a conical shape for the submarine even though it gives the best performance. The optimum selection of the shape of the submarine would be the ogive shaped submarine. It has the almost same amount of total drag and enough volume for the submarine. Also, the optimum fineness ratio is found to be 6 for the ogive shaped submarine.
The elliptical and parallel mid-body submarine find a lot use in naval and attack submarines because of their large volume, which could easily fit in a huge amount of people as well as equipment and ammunition. But in our case, it would prove unnecessary to increase the volume of the submarine by such extent in exchange of increase in drag. It can also observe that the total drag increases with an increase in the speed of the submarine. This is because the pressure drops, and the viscous force are both directly proportional to the speed of the submarine. Getting similar results at all different speeds also verifies our results for different fineness ratios.
CONCLUSIONS
In this paper different types of submarine using curve equations and changing the degree of the equation are modeled. CFD analysis is done on each of the models at 3 different velocities and found the optimum fineness ratio which gives minimum drag force. Total drag includes wave drag, skin friction drags and base drag. At a length of submarine increase the base blunts portion reduces and hence base drag reduces. With increase in length the skin friction drag increase.
The optimum value of fineness ratio, which gives minimum drag is 6 for Conical shape hull, Elliptical shape hull and Ogive shape hull whereas for a submarine with Parallel mid-body hull shape the optimum fineness ratio is 7. This would reduce the amount of effort to be put by the person powering the submarine, increase the top speed that the submarine can achieve and hence increases the chances of winning a race. From the results it can also be concluded that the most effective submarine shape that gives minimum drag is conic shape.
